Abstract The molecular basis of nephron progenitor cell renewal and differentiation into nascent epithelial nephrons is an area of intense investigation. Defects in these early stages of nephrogenesis lead to renal hypoplasia, and eventually hypertension and chronic kidney disease. Terminal nephron differentiation, the process by which renal epithelial precursor cells exit the cell cycle and acquire physiological functions is equally important. Failure of terminal epithelial cell differentiation results in renal dysplasia and cystogenesis. Thus, a better understanding of the transcriptional frameworks that regulate early and late renal cell differentiation is of great clinical significance. In this review, we will discuss evidence implicating the MDM2-p53 pathway in cell fate determination during development. The emerging central theme from loss-and gain-of-function studies is that tight regulation of p53 levels and transcriptional activity is absolutely required for nephrogenesis. We will also discuss how post-translational modifications of p53 (e.g., acetylation and phosphorylation) alter the spatiotemporal and functional properties of p53 and thus cell fate during kidney development. Mutations and polymorphisms in the MDM2-p53 pathway are present in more than 50 % of cancers in humans. This raises the question of whether sequence variants in the MDM2--p53 pathway increase the susceptibility to renal dysgenesis, hypertension or chronic kidney disease. With the advent of whole exome sequencing and other high throughput technologies, this hypothesis is testable in cohorts of children with renal dysgenesis.
Introduction p53, p63, and p73 are members of a family of transcription factors that plays a key role in cell fate determination [1] . Although tumor suppression is the original and traditional function assigned to the p53 gene family, it is now clear that the three proteins have overlapping as well as distinct biological roles [1] . The tumor suppressor protein, p53, prevents aberrant growth by acting as a transcription factor for cell cycle (e.g., p21
Waf-1/Cip-1 ), apoptosis (e.g., Noxa, Puma, and Bax) and DNA repair (e.g., GADD45) genes. p53 activates transcription of its target genes through binding to a consensus DNA element that consists of two copies of the inverted repeat sequence [RRRC(A/T)(T/A)GYYY] separated by 0-13 nucleotides [2] . Wild-type p53 also represses the transcription of some genes. The repression can be mediated via specific DNA binding, selective targeting of histone deacetylases to the regulatory regions or by an effect on the basal transcription machinery [3] . Chromatin immunoprecipitation coupled with Next Gen DNA sequencing in primary and cancer cell lines has shown that non-traditional targets, e.g., metabolic, autophagy, and oxidative genes, are among the novel p53-regulated pathways in the human genome, hence the pleomorphic effects of p53 on cancer, development, ageing, and metabolism [4] [5] [6] .
Human p53 consists of 393 amino acids and is composed of three regions: an N-terminal activation domain that interacts with co-activators and other proteins (e.g., its inhibitor, MDM2), a core DNA-binding domain, and C-terminal activation/oligomerization domains. Mutations in the p53-regulated pathway are found in more than 50 % of all human cancers [7] .
Regulation of p53 activity
The principal mechanisms that govern p53 activity are exerted at the post-translational level. These include regulation of p53 protein stability, subcellular localization, and posttranslational modifications that allow activation of the DNA binding activity of p53. It is now established that tight regulation of p53 levels and activity is absolutely required for organ development and terminal epithelial differentiation.
One of the central components in the regulation of p53 is the p53-interacting protein murine double minute (MDM2; see Fig. 2 ) [8] [9] [10] [11] . MDM2 is a direct transcriptional target for p53 and so establishes a feedback loop in which p53 drives expression of its own negative regulator. This loop serves to dampen p53 activity in normal unstressed cells and contributes to limiting or reversing the p53 response following the removal of the initiating stress signals. MDM2 inhibits p53 functions via several different mechanisms: MDM2 interacts with and conceals the N-terminal transcriptional activation domain of p53. This binding of MDM2 to p53 also inhibits p53 ability to contact transcriptional co-activators such as CBP/p300. In addition, MDM2 plays a major role in the regulation of p53 protein stability [10, [12] [13] [14] [15] [16] [17] . MDM2 is a RING-finger protein that functions as an E3 ubiquitin ligase directing p53 to proteosomal degradation. Also, MDM2 shuttles p53 from the nucleus to the cytoplasm, where it is then degraded [18] .
Post-translational modifications of p53

Phosphorylation
In response to DNA damage, p53 is phosphorylated at multiple sites at the N-and C-terminal by a number of kinases, and most of these phosphorylation sites are conserved between human and mouse p53 (e.g., S15, S20, S392) [19] . It has been proposed that a distinctive combination of phosphorylated residues could be required for further modifications, leading to maximal activation [20] . It is also possible that a unique phosphorylation pattern induced by specific stimuli could determine the cellular response. Until recently, the specific residues phosphorylated during organ development were unknown. However, we now know that p53 is subject to phosphorylation in a developmental and cell-specific manner [21] .
Acetylation
The p300/CREB-binding protein (CBP) and p300/CBPassociated factor (PCAF) acetylate the carboxyl terminus of p53 at lysines 373 and 382 (p300/CBP) and at Lys320 (PCAF) [19] . The recruitment of these co-activators stabilizes p53 and augments sequence-specific DNA binding following DNA damage. Deacetylation of C-terminal lysine in p53 by histone deacetylases (HDACs) promotes ubiquitylation of these lysines by MDM2, indicating that MDM2 and HDACs cooperate in the negative regulation of p53 stability and transcriptional activity [22] . Differential acetylation "cassettes" in C-terminus of p53 have distinct effects on cell fate [23] . For example, acetylation of lysine 320 (K320) prevents phosphorylation of crucial serines in the N-terminus of p53, only allows activation of p21 and promotes survival after DNA damage. In contrast, acetylation of K373 enhances p53-mediated activation of proapoptosis genes. In addition, differential acetylation of these lysine residues appears to modulate the ability of p53 to interact with co-activators or co-repressors [23] . It should be noted that unacetylated p53 (which accumulates following MDM2 inactivation) is fully capable of inducing apoptosis, but is defective in cell cycle arrest, further supporting a selective role for acetylation in the regulation of p53 functions [24] . In conclusion, p53 phosphorylation and acetylation may constitute a "post-translational code" that determines which proteins are recruited and thus the cell fate.
p53 as a developmental factor
In addition to its traditional role as a tumor suppressor, p53 plays well-established roles in development and differentiation, which can be summarized in the following [25] :
Developmental expression patterns
In developing mouse embryos, a good correlation exists between p53 levels and the fraction of embryonic cells undergoing proliferation. Later in development, p53 expression is restricted to a few organs undergoing differentiation such as kidney, intestines, thymus, and spleen [26] [27] [28] .
p53-induced cell differentiation
Introduction of wild-type p53 into undifferentiated cells can result in progression from an undifferentiated to a more differentiated state. This effect has been demonstrated in a variety of cell lineages such as myogenic cells, osteogenic cells, keratinocytes, neurons, thyroid cells, and renal epithelial cells. In contrast, the normal differentiation pathways can be blocked by the introduction of dominant negative forms of p53 [29, 30] .
Activation of p53 during cellular differentiation
The p53 protein is stabilized and its DNA binding and transcriptional activities are induced during skeletal muscle differentiation in vitro [31] . In the skeletal muscle cell lineage, p53 cooperates with MyoD in the transcriptional induction of the muscle creatine kinase gene, whereas expression of a dominant negative p53 protein in muscle cells reduces the expression of endogenous creatine kinase [31, 32] . In the renal epithelial cell lineage, p53 forms an enhanceosome-like complex with CREB and Kruppel-like factor-4 and recruits CREB-binding protein (CBP/p300) in the transcriptional activation of the bradykinin B2 receptor (Bdkrb2), a terminal nephron differentiation gene [33] . p53 depletion or inactivation affects embryonic development in Xenopus and mice Considering the central role of p53 as a regulator of cellular proliferation and homeostasis, as well as cell death and premature senescence, the viability of p53 −/− mice and the absence of overt developmental defects came as a surprise [34] . Although embryonic development is grossly unaffected in p53 −/− mice, there are reports of neural tube closure defects in approximately 16 % of female p53 −/− mice and a reduced reproductive capacity in both genders [35] . This is in striking contrast to the phenotype following p53 depletion in Xenopus embryos that leads to gastrulation failure and defects in mesoderm formation due to impaired TGF-β/Nodal/activin gene responses [36] . A possible explanation for the different p53 knockout phenotype in Xenopus and mice is that p53 is only one member of a family of related genes. In addition to p53, early mouse embryos express the p53 family members p63 and p73 that might compensate for the loss of p53, while in Xenopus p53 is solely responsible for early embryogenesis as p73 is not found in the lower vertebrates and Xenopus p63 is only expressed at later stages during organogenesis [36] . There is also evidence that p53 deficiency on a CBA genetic background is embryonic lethal, which can be rescued by inclusion of genes from a 129/SvJ background [37] . During the organogenesis and differentiation stages in mice, p53 acquires unique functions in some organs, such as the kidney, liver, eye, and testes. Hepatocytes from adult livers of p53 −/− mice divide over 2.5 times the rate of normal mice and show altered morphology in vivo and persistent α-fetoprotein gene expression [38] . The latter gene is normally repressed by p53 [39] . Also, p53 −/− mice have a high frequency of persistent hyperplastic primary vitreous and cataracts and a testicular giant cell degenerative syndrome [40, 41] . Collectively, inhibition of p53 expression/activity interferes with numerous developmental programs, and the outcome may depend on the presence or absence of compensation by other family members and on the stage of development.
Unopposed p53 activity is detrimental to normal growth and development
There is substantial evidence that excess or unopposed p53 activity is detrimental to embryonic development. For example, overexpression of p53 in Xenopus embryos is associated with delayed or arrested cleavage of injected cells with subsequent distortions of cell movements, induction processes, and tissue differentiation [42] . Transgenic mice overexpressing p53 in testes exhibit profound apoptosis of developing spermatids in a dose-dependent fashion [43] . Importantly, transgenic overexpression of p53 or deletion of MDM2 from the ureteric bud [21, 44] in mice interferes with collecting duct growth and branching, leading to renal hypoplasia and impaired differentiation [45] . Genetic evidence that tight control of p53 by MDM2 is crucial for normal embryogenesis is indicated by the fact that p53 deletion rescues the embryonic lethality in MDM2 -and MDM4 -deficient mice [46, 47] and XRCC4-deficient mice [48] . Targeted deletion of MDM2 from bone, using genetic crosses of collagen-3-Cre and MDM2-floxed mice, revealed that unopposed p53 activity interferes with chondrocyte differentiation and results in skeletal dysgenesis and excessive apoptosis; the abnormal phenotype is rescued by germline deletion of p53 [49, 50] . The negative regulation of p53 by MDM2 is so potent that a 20 % reduction in MDM2 levels in mice is sufficient to cause increased radiosensitivity, growth impairment, and increased apoptosis in both lymphocytes and epithelial cells [50] . In humans, a single nucleotide polymorphism (SNP309) in the MDM2 promoter increases the affinity of the transcriptional activator Sp1, resulting in higher levels of MDM2 gene expression and subsequent attenuation of the p53 pathway. Also, SNP309 is associated with accelerated tumor formation in both hereditary and sporadic cancers [51] .
Role of p53 and p73 in terminal nephron differentiation
During early nephrogenesis, p53 is expressed in nephron progenitors, nascent nephrons, and UB branches (Fig. 1) [4, 52] . During the latter stages of nephrogenesis, p53 is enriched in differentiating epithelial cells expressing renal function genes (RFGs; Fig. 1 ), such as receptors for vasoactive hormones (bradykinin B2 receptor [Bdkrb2], angiotensin type 1a
[agtr1a]), the sodium pump (Na,K-ATPase α1), and epithelial sodium (ENac) and water channels (AQP2) . Moreover, p53 binds to and transactivates the promoters of RFGs [30] . In contrast, expression of a dominant negative mutant p53 inhibits endogenous RFG expression. Binding of endogenous p53 to the promoters of RFGs coincides with the differentiation process and is attenuated once renal epithelial cells are fully differentiated [30] . In the case of the Bdkrb2 gene, p53 recruits two other transcription factors, CREB and KLF-4, to bind adjoining sequences, as well as the co-activator CBP/ p300. This transcriptional complex functions as an enhanceosome [33] . Angiotensin II stimulates CREB phosphorylation on Serine 133 and its interaction with p53 on the Bdkrb2 promoter. The co-factors associated with p53 that are required for transactivation of other RFGs are unknown. The physiological relevance of these findings was later demonstrated in p53 −/− mice, which exhibit defects in terminal nephron differentiation, including ectopic tubular proliferation and disorganized spatial expression of RFGs (Fig. 2a, b) [30, 53] .
In a recent study, we reported that p53 undergoes phosphorylation on N-and C-terminal serines as well as Cterminus acetylation during kidney development. These post-translational modifications are associated with differential effects on p53 transcriptional activity and nephronsegment-specific expression [21] . For example, compared with wild-type p53, mutant p53(S/A15) displays significantly reduced transcriptional effects on the AQP2, BdkrB2, and Agtr1a promoter reporter constructs even after correction for p53 protein levels. p53(T/A18) and p53(S/A20) mutant constructs display lower transcriptional activity of AQP2, but not
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Np73 p53 UB prominent phenotype seen in mice with targeted disruption of p53 in the UB or transgenic mice overexpressing a mutant p53 lacking the C-terminus in the UB. Black arrows/arrowheads point to the duplex papillae. Adapted from Saifudeen et al. [52, 53] (used with permission) BdkrB2 promoter constructs; however, both mutants exhibit lower repression of Agtr1a.
The p53 family member, p73, also plays a role in epithelial and CNS development [54] . Alternate promoter usage results in p73 isoforms that either contain the amino terminus transactivation domain (P1 5' promoter; transactivation [TA] domain isoforms) or lack this domain (P2 intronic promoter; amino terminus-truncated [ΔN] isoforms). The ΔN isoforms act in a dominant negative fashion to inhibit TAp73-and p53-mediated transactivation. Importantly, although the TAp73 isoforms induce cell cycle arrest or apoptosis, the ΔN isoforms are pro-survival and anti-apoptotic. We have examined the role of p73 in nephron differentiation [55] . TAp73 and ΔNp73 exhibit reciprocal spatiotemporal expression and functions during nephrogenesis. TAp73 is predominantly expressed in the collecting ducts in an overlapping manner with AQP-2 and in differentiating proximal tubules. Moreover, the endogenous AQP-2 promoter is occupied by TAp73 in a developmentally regulated manner. In transient transfection assays, TAp73 activates AQP-2 and Bdkrb2 promoters independent of p53. These findings indicate that TAp73 can compensate functionally for the absence of p53. On the other hand, p73 is not sufficient to fully compensate for p53 during kidney development since p53-null mice have defects in terminal nephron differentiation. In contrast to p53 and TAp73, ΔNp73 isoforms are induced early in development and are preferentially expressed in Pax-2 positive nephron progenitors and immature collecting ducts [55] . Functionally, ΔNp73 antagonizes p53-mediated transcription of B2R and AQP-2. The spatiotemporal switch from ΔNp73 to TAp73 during nephrogenesis may participate in the specification of terminal differentiation gene expression.
p53 and MDM2 in the ureteric bud lineage
We examined the effects of p53 inactivation or overexpression on early stages of kidney development [4, 44, 52] . p53 −/− embryos bred on a C57Bl6 background exhibit a spectrum of congenital abnormalities of the kidney and urinary tract, most prominently double ureters/collecting systems and hypoplastic metanephroi (Fig. 2c) . Interestingly, transgenic expression of dominant negative p53 or conditional inactivation of p53 in the UB recapitulates the duplex phenotype (Fig. 2d) . p53 inactivation causes enhanced sensitivity to glial cell linederived neurotrophic factor (GDNF), which explains ectopic budding. Conversely, deletion of MDM2 from the UB lineage results in accumulation of p53, cell cycle arrest, apoptosis, and suppression of Wnt9b expression. Hence, MDM2-null kidneys display severe hypodysplasia and a low nephron number (Fig. 3) . Taken together, these results support the conclusion that tight regulation of p53 activity is required for normal kidney development.
In summary, MDM2 is required to restrain p53 activity during nephrogenesis. p53, in turn, plays multiple roles in kidney development that include terminal differentiation of the collecting duct, transcriptional regulation of renal function genes, ureteric bud outgrowth and branching, and renewal and differentiation of nephron progenitors.
